+ cluster reduces a bound S-adenosylmethionine (SAM) molecule, cleaving it into methionine and a 5′-deoxyadenosyl radical (5′-dA • ). This step initiates the varied chemistry catalyzed by each of the so-called radical SAM enzymes. The strongly oxidizing 5′-dA
I. INTRODUCTION
An incredibly wide range of chemistries are catalyzed by the 5′-deoxyadenosyl radical (5′-dA • ), which is generated by reductive cleavage of S-adenosyl-L-methionine (SAM) in so-called radical SAM (RS) enzymes.
1−3 SAM binds through the amine and carboxylate of the methionine moiety to the unique iron ion of a tris-cysteine liganded [4Fe−4S] cluster. The one-electronreduced cluster transfers an electron to the sulfonium of SAM, effectively forming a new Fe−S bond 4−8 and breaking the S− 5′C bond homolytically. The resultant 5′-dA
• abstracts a hydrogen atom from the substrate, which is then converted to product in a manner orchestrated by the protein. Structural and kinetic characterization of the radical intermediates in these reactions is critical for obtaining atomic-level mechanistic insights.
To this end, several groups have employed electron paramagnetic resonance (EPR) spectroscopy to interrogate the radical intermediates generated after the initial H atom abstraction and prior to product formation. Excepting radicals generated by the SAM-dependent the glycyl radical enzyme (GRE) activases, 9 radical intermediates have been characterized for only 11 RS enzymes (Table 1) , to the best of our knowledge. In this Account, we describe how the magnetic parameters that result from EPR spectroscopic studies of these intermediates have provided insight into the control exerted by the enzyme active site over the substrate and product radicals in order to complete the desired chemistry without deleterious side reactions.
Primary among such magnetic parameters is the molecular gmatrix, which is useful in assessing the gross features of unpaired spin distribution about a paramagnetic species. In the case of metal-centered radicals, the g-matrix is often anisotropic and reports on the metal ion oxidation state and the d-orbitals in which the unpaired electrons reside. For organic radicals, the g-matrix tends to be much more isotropic, but coupling of the unpaired spin with nearby magnetic nuclei ( 1 H, 2 H, 13 C, 14 N, 15 N, etc.) can lead to resolvable structure in the EPR signal (see Figures 1, 6 , and 8A, for example). More often, however, this hyperfine interaction (HFI)-induced splitting tends to be obscured in the inhomogeneously broadened EPR line. Advanced EPR methods 10 including electron−nuclear double resonance (ENDOR, see Figures 2 and 8) and electron spin− echo envelope modulation (ESEEM, see Figures 4 and 5) techniques can resolve these interactions. The resultant HFI tensor is composed of isotropic (A iso ) and anisotropic components. A iso arises from unpaired spin at the magnetic nucleus, achieved via direct overlap of this nucleus with an orbital containing the unpaired electron, and from spin polarization of the s-orbital electrons by the valence shell. The anisotropic portion results from a combination of a through-space dipolar interaction (T) and any asymmetric spin density distribution among orbitals centered on the magnetic nucleus. If anisotropy in the g-matrix can be ignored, the centers containing the unpaired electron spin and magnetic nucleus are rather distant from one another (r > 2.5 Å), and orbital contributions to the HFI are small (estimates for this orbital contribution to the HFI anisotropy can be made from the magnitude of the A iso ; see ref 11 for a relevant application of this method), the elements of T reduce to 
The electron and nuclear g-factors are given by g e and g N , respectively; μ B and μ N are the Bohr and nuclear magnetons, respectively. The spatial separation between the electron and nuclear spin is represented by r, and the angle of this vector with respect to applied magnetic field is defined as θ. The unpaired spin population on the central ion is given by ρ. In this long interspin distance limit, T = [−T, −T, +2T], where T is proportional to the inverse of the cube of the distance between the electron and nuclear spins. Thus, with knowledge of these magnetic parameters, an exquisitely detailed structural picture of these intermediates can be drawn. Paramagnetic RS intermediates have been observed under steady-state conditions in reactions of lysine 2,3-aminomutase (LAM) 22 and glutamate 2,3-aminomutase (GAM). 19 We discuss the chemical nature of this LAM-generated radical in section II, along with those of other paramagnetic species trapped using lysine and SAM analogues. Paramagnetic intermediates have also been caught by freeze-quenching the reaction mixture (enzyme, SAM, substrate, and reductant) under pre-steady-state conditions: notably for 2-deoxy-scylloinosamine dehydrogenase (BtrN), 15 the methyltransferase Cfr, 17 biotin synthase (BioB), 13, 26 and the hydrogenase maturation enzyme HydG. 21 BtrN, BioB, and HydG are members of a growing subclass of RS enzymes that possess one or more [FeS] clusters in addition to the [4Fe−4S] cluster that binds and cleaves SAM. 27 We present recent EPR spectroscopic findings concerning radical intermediates in the BioB-and HydG-catalyzed reactions in sections III and IV, respectively. In section V, we highlight a recent effort to trap the RNA-based radical intermediate in the methylation reaction catalyzed by Cfr. 17 Cfr and the similar RlmN are founding members of the class of RS-mediated methyltransferases. 28 The systems described in this Account represent only a small subset of the many diverse RS enzymes that exist. Because the 5′-dA
• generates paramagnetic intermediates, we expect EPR spectroscopy to continue to be a critical tool in further exploration of RS enzymology.
II. LYSINE 2,3-AMINOMUTASE
Paramagnetic intermediates and analogues of intermediates of the LAM catalytic cycle have been generated at essentially every step of the isomerization of L-α-lysine to L-β-lysine ( Figure 1) . The holoenzyme coordinates a PLP cofactor through formation of an internal aldimine with Lys337. As L-α-lysine binds, PLP forms an external aldimine linkage to the α-amine group of the substrate. Reductive cleavage of SAM leads to formation of 5′-dA
• that is too fleeting to be observed. However, substitution of SAM with S-3′,4′-anhydroadenosyl-L-methionine leads to generation of a stable allylic analogue of 5′-dA
• . 29 Deuterium labeling at positions 2′, 3′, and 5′ dramatically alters the continuous-wave (CW) EPR spectrum (cf. Figure 1A ,B) as the 1 H HFIs are reduced by a factor of 6.51 (the ratio of the 1 H to 2 H nuclear g-values, g N ). This behavior upon isotope substitution confirms the assignment of this signal to an anhydroadenosyl π-radical in which the unpaired electron is delocalized equally over carbons 3′ and 5′. 30 The magnitude of A iso for the proton bound to C2′ is sensitive to the orientation of the C2′H bond with respect to the spin-carrying C3′-2p z orbital. 30 This angle was found to be 37°and affords a picture of coenzyme cleavage products immediately after C−S bond scission.
When using SAM, the posthomolysis 5′-dA • abstracts the pro-R H atom from the β-carbon of lysine but converts rapidly to the product radical (see below). 32 To observe a substrate-like radical again requires trickery: using either trans-4,5-dehydro-Llysine (anLys) 33 or 4-thia-L-lysine (4-thia-Lys) halts the mutase reaction in a state that resembles L-α-lysine
• . With 4-thia-Lys ( Figure 1C ), the resultant radical is localized in the 2p z orbital of the β-carbon of the substrate and is thus a high-fidelity model of the α-lysine radical generated immediately following H atom abstraction by 5′-dA
• . ENDOR spectra of 4-thia-Lys
• yielded full hyperfine tensors for the interaction between the substrate radical and both the 13 C-labeled 5′-carbon (I = 1/2) of 5′-dAH and the thiomethyl-carbon of methionine ( Figure 2 ).
11 ENDOR doublets ascribed to 13 C nuclei are identified based on their being split symmetrically by the magnitude of the HFI about the 13 C Larmor frequency (ν L 13 C, determined using g N ), or in the case of very strong coupling, the doublet will be centered at a frequency equal to half the HFI and split by twice the Larmor frequency. Strong couplings are more easily observed using Davies ENDOR, whereas weaker ones can be resolved using Mims ENDOR or ESEEM spectroscopies. 10 Hyperfine anisotropy is evident in the spectra presented in Figure 2 , with the perpendicular turning point appearing to be twice as intense as the parallel turning point. Using eq 1, analysis of the two 13 C HFIs determined from the ENDOR data in Figure 2 • is ≥4.1 Å distant from the methionine methyl carbon and is in van der Waals contact with the 5′-carbon of 5′-dAH. 11 A similar analysis of the corresponding 31 P HFI indicated that the phosphate phosphorus of PLP is just 4.3 Å from the lysine β-carbon whereas an internuclear distance of ∼7 Å was found in the X-ray structure of the oxidized form of the enzyme. 34 This finding points to a rather dramatic movement of PLP during the initial stages of the reaction.
These distances change slightly when using anLys, which affords an allylic radical wherein the unpaired spin is shared by the β and δ carbons of the lysine analogue ( Figure 1D ). 33 Again, analysis of the dipolar part of the 13 C HFI shows that the mean distance to the methionine methyl group lengthens to 5.5 Å and shrinks to 3.6 Å for the radical−P distance. However, the 5′ methyl group of 5′-dAH remains in close proximity to the substrate radical.
The native (as yet unobserved) substrate radical is thought to rapidly convert through an azacyclopropylcarbinyl radical intermediate to a "product"-radical centered on the α-carbon of lysine with the PLP-bound amino group shifted to the β-carbon. This α-carbon radical has been observed under steadystate conditions (excess of substrate). 22 EPR spectra of this intermediate obtained using site-specific isotopically labeled lysine as substrate confirmed the assignment of this species to L-β-lysine
• . 35 13 C ENDOR again showed a close association between L-β-lysine
• and the 5′-methyl group of 5′-dAH. That this close proximity of 5′-dAH to the substrate/product radical is maintained throughout the reaction cycle is thought to minimize the potential for unwanted side reactions of the reactive intermediates and help to recycle SAM for the next turnover. ESEEM results show that the PLP cofactor plays an important role in stabilizing this species by delocalizing the unpaired electron onto the π-system of its pyridine ring yielding N 3 -(5′-phosphopyridoxylidene)-β-lysin-2-yl. 36, 37 III. BIOTIN SYNTHASE For BioB, a (Cys) 3 Arg-coordinated [2Fe−2S] cluster is employed as a cosubstrate, and one of the bridging sulfides is transferred to dethiobiotin (DTB) to complete the thiophane ring as the final step in the biosynthesis of vitamin B 7 (Figure 3,  top) . 38 The X-ray crystal structure of BioB with SAM and DTB bound shows the SAM molecule coordinating to the [4Fe−4S] via the amine and carboxylate moieties (Figure 3, bottom) . 39 In this geometry, the 5′-C of SAM is situated 3.8 Å from C9 of DTB, the target of the first H atom abstraction by 5′-dA
Accounts of Chemical Research
• . C9 is 4.6 Å away from the nearer sulfide of the [2Fe−2S] cosubstrate. Thus, to attack the bridging sulfide, a significant geometric rearrangement of DTB
• within the enzyme active site is required. Since DTB is held in place primarily through hydrogen bonds between the DTB imidazolidinone and Asn151, Asn153, and Asn222, this attack could be accomplished through a simple hinge motion around these bonds. 40 H atom abstraction at the C9 position of DTB (Figure 3 , top) leads to formation of a catalytically competent species with an EPR spectrum consistent with a reduced [2Fe−2S] cluster. 13, 26 The identity of this paramagnetic species was probed further using hyperfine sublevel correlation spectroscopy (HYSCORE), a two-dimensional ESEEM technique. HYSCORE spectroscopy is useful in untangling resonances from multiple hyperfine-coupled nuclei, which would be overlapping in one-dimensional results. Comparing the HYSCORE spectrum of the intermediate generated using natural-abundance wild-type enzyme to that made using BioB that was enriched with guanidino-15 N 2 −Arg allowed us to confirm that the paramagnetic species arises from the reduced form of the arginine-coordinated [2Fe−2S] (Figure 4 ). All features in the 14 N-Arg HYSCORE spectrum were altered upon this 15 N-isotopic substitution, and the resulting two sets of cross-peaks correspond to the two guanidino nitrogens of Arg260. Orientation-selected HYSCORE results (wherein the HYSCORE spectrum is collected at resonant magnetic field positions across the EPR envelope) provided the complete hyperfine tensor for each 15 N nucleus. Using a distributed point-dipole model for exchange-coupled clusters, 41, 42 we analyzed the anisotropic part of the tensor to determine the likely position of the nitrogen atoms in relation to the two Fe ions whose positions were fixed based on the crystal structure coordinates of oxidized BioB. The Fe−N internuclear distances predicted by this method are in close agreement with those determined from the crystal structure of the holo-form in the presence of substrate but before reduction.
The HYSCORE spectrum of the paramagnetic intermediate generated using natural-abundance BioB and (9-methyl-13 C)-DTB displays new correlation ridges that have no counterpart in the corresponding natural-abundance DTB spectrum ( Figure  5 ). These features correspond to an axial 13 C HFI of [1.2, 1.2, 5.7] MHz. The relatively large isotropic contribution to the hyperfine tensor (A iso = 2.7 MHz) is similar to that found for the β-C of cysteine ligands to the Fe(II,III) form of ferredoxin. 43 That the anisotropic 13 C HFI contribution is also relatively large (T = 1.5 MHz) corroborates the close association of C9 with the [2Fe−2S] cluster. Thus, we propose that a mercaptodethiobiotin (MDTB) intermediate is formed as a ligand to the remnants of the [2Fe−2S] ( Figure 5C ).
Having the radical character of the MDTB intermediate essentially carried by the [2Fe−2S] rather than a terminal sulfur denudes the reactivity of the MDTB moiety allowing the second H atom abstraction to occur in due course. Thus, the [2Fe−2S] also facilitates inner-sphere one-electron oxidation of the sulfide concurrent with formation of the new C−S bond and provides a rapid and safe means for quenching the radical at the end of each step initiated by SAM homolysis. 40 In addition to the SAM-binding [4Fe−4S], HydG employs an auxiliary [FeS] that is believed to be coordinated by three cysteine residues located in the C-terminal domain. The role of this second cluster is currently unclear, but it may assist in activating tyrosine for C α −C β bond homolysis. Interestingly, a number of other RS C α −C β lyases also employ a second cluster, 48 but not all. 24, 49 Proposed mechanisms for the HydG reaction begin with H atom abstraction from the phenolic group of tyrosine by the 5′-dA
• . At this point, the neutral tyrosine radical could fragment heterolytically or homolytically at the C α C β bond, yielding either a 4-oxidobenzyl anion radical (4OB • ) and dehydroglycine (DHG) or 4-methylidenecyclohexa-2,5-dien-1-one and a glycyl radical, respectively. Freeze-quenching the reaction of reduced HydG+SAM with L-tyrosine a few seconds after mixing leads to a strong signal centered at g = 2 likely arising from an organic radical. 21 This radical disappears as new Fe-bound CO and CN species appear. 50 Using a variety of specifically isotope-labeled tyrosines as substrate, we have been able to rigorously determine the molecular origin of the RFQ-trapped radical. The Q-band CW EPR spectrum (Figure 6 ) of the cryo-trapped radical obtained using natural abundance tyrosine (a) is unaltered by 13 Clabeling at the α-C (b), proving that the radical species does not correspond to the proposed glycyl intermediate. 51 In contrast, the line shape collapses when the radical is generated using 2 H 7 -tyrosine (c), a signature that has been used to assign protein radicals to tyrosine-derived species. 52 For neutral tyrosine radicals, there is appreciable spin density on the oxygen and on the 1-, 3-, and 5-carbons of the ring, and the 1-C transfers angular-dependent inequivalent couplings to the two protons bound to the β-C. The remaining spectra presented in Figure 6 show that the trapped species is something altogether different. The spectrum of the 3,5-2 H 2 tyrosine sample (d) is almost identical to that of the natural-abundance tyrosine (a), whereas the addition of two deuterons at positions 2 and 6 (e) causes a dramatic change, showing that the ring electron spin density has shifted to the 2,6-C's at the expense of the 3,5-C's. The remaining hyperfine coupling is to the two β-C protons, which shows a 1:2:1 pattern diagnostic of two equivalently coupled protons. When these are instead deuterated (f), this 1:2:1 pattern is eliminated, and we see the largest effect of all the labels, showing the greatest spin density is on the β-C. Results from DFT calculations support the assignment of this radical to the cleaved tyrosine fragment to 4OB
• , which is the precursor to p-cresol.
To what degree the secondary [FeS] is involved is a key question for this enzyme and all others that employ such auxiliary clusters. Interestingly, in the case of MoaA, a participant in the molybdenum cofactor biosynthetic pathway, the auxiliary cluster was shown by X-ray crystallography 53 and ENDOR spectroscopy 54 to bind the substrate guanosine 5′-triphosphate (5′-GTP) directly. This led us to propose that in HydG a tyrosine-derived fragment (perhaps DHG) could bind to the unique iron of the three-cysteine-coordinated cluster housed in the C-terminus (see Figure 7) . Once 4OB
• is generated in HydG, it requires a H atom to convert to the pcresol product. It is attractive to think that this H atom comes from the putative [FeS]-bound DHG and the resultant DHG radical leads to the formation of CO and CN − . Using Fouriertransform infrared spectroscopy, we have shown that these tyrosine-derived diatomic ligands bind to a single Fe center in HydG. 50 By selectively labeling HydG with 57 Fe and monitoring the reaction using ENDOR spectroscopy, we showed that iron from HydG is subsequently incorporated into the [2Fe] part of the H-cluster of mature hydrogenase with its cargo of diatomic ligands presumably intact.
50
V. RNA METHYLATION Two RS enzymes, Cfr and RlmN, catalyze the methylation of unactivated sp 2 -hybridized C atoms on adenosine 2503 (at C8 and C2, respectively) of 23S rRNA. 55 A methyl group is first transferred from one molecule of SAM to a conserved cysteine side chain. 56 The X-ray structure of RlmN with SAM shows that Cys355 is already methylated and in position for reaction with 5′-dA
• produced when a second SAM molecule coordinates the RS [FeS] and is reductively cleaved. 56 The 5′-dA
• abstracts a H atom from the nascent S-methyl group, which then attacks the C8 (or C2), forming a covalent bond between the methylated cysteine and the adenosine base. This radical adduct has recently been trapped by freeze-quenching of the reaction of Cfr with a 155-mer RNA substrate analogue. 17 The corresponding EPR spectrum is reminiscent of that measured for γ-irradiated DNA and is sensitive to perdeuterolabeling of the adenosine in the substrate ( Figure 8A Figure 8B and is related to the proton coupling by the ratio of the respective Larmor frequencies) is bound to C8. That the HFI is very isotropic points to the conversion of C8 from sp 2 to sp 3 . Protons coupled to sp 2 π-radicals tend to have axial, not isotropic, HFI due to the asymmetric interaction with the unpaired spin density in the adjacent carbon 2p z -based orbital. Most illuminating, reaction of the enzyme with 13 C-methyl-SAM dramatically alters the spectrum and confirms the identity of this intermediate as an adenine-centered radical that is covalently attached at C8 to the S-( 13 C)methylated Cys355.
VI. SUMMARY AND OUTLOOK
Based on a key bioinformatics study, nearly 50 000 RS enzymes have been identified. 57, 58 However, functions of only approximately 60 have been elucidated. Due to the important and exotic chemistries catalyzed by RS enzymes, further investigation into atomic-level details of their mechanisms is clearly warranted. The first step of the reaction is common to almost all RS enzymes, namely, the formation via reductive cleavage of a 5′-dA
• that abstracts a H atom from the substrate. However, 5′-dA
• is so reactive that it has yet to be observed natively. DFT results indicate that H-bonds to the adenosyl moiety play a crucial role in guiding this radical to the desired target; 59 there is significant structural homology around the SAM-binding site suggesting that this porting mechanism, whatever it may be, is largely conserved. 60 It is the next stage of the RS mechanism, the subsequent reaction of the substrate radical to form product, that is likely unique for each enzyme and the target of research effort described above. In the case of LAM, EPR studies on radical intermediates of the reaction have revealed that the PLP cofactor traverses a large distance within the active site over the course of the reaction while the lysine substrate remains close to the deoxyadenosine homolysis product. HYSCORE spectroscopic results on the paramagnetic intermediate generated during biotin biosynthesis show that the substrate DTB moves several angstroms after H atom abstraction at C9 in order to attack the bridging sulfide of the [2Fe−2S]. These spectroscopically determined structural constraints have been invaluable in filtering mechanistic proposals. As such, EPR spectroscopy is expected to continue being an important tool in RS enzyme research.
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